The raw transcriptome reads, small RNAs and degradome reported in this paper have been submitted to the NCBI Short Read Archive under accession numbers SRR2179938 (transcriptome of *M. polymorpha*), SRR2179617 (small RNAs of *M. polymorpha*) and SRR2179371 (degradome of *M. polymorpha*). The transcriptome contig sequences and miRNA information are available in the ContigViews database (contigviews.bioagri.ntu.edu.tw).

Introduction
============

Embryophytes colonized land approximately 480 million years ago ([@pcw020-B47], [@pcw020-B78], [@pcw020-B37], [@pcw020-B58]). Bryophytes (liverworts, hornworts and mosses) comprise the earliest diverging land plant lineages. While the phylogenetic relationships among bryophytes remain enigmatic, the fossil record and evidence from systematics, molecular and phylogenetic studies suggest that the first plants that colonized terrestrial environments possessed attributes of liverworts ([@pcw020-B71], [@pcw020-B47], [@pcw020-B14]). Studies of microRNAs (miRNAs) in plant species, such as *Marchantia polymorpha* at key evolutionary nodes hold great promise for increasing our understanding of the evolution of miRNA biogenesis and function. Although only a few miRNAs are conserved across land plant lineages, including the moss *Physcomitrella patens*, the lycopod *Selaginella moellendorffii* and angiosperms (e.g. *Arabidopsis thaliana* and *Oryza sativa*), it has been shown that diverse, lineage-specific small RNAs may perform common biological functions ([@pcw020-B9], [@pcw020-B21]).

MiRNAs are endogenous, small, non-coding RNAs of 20--24 nucleotides (nt) in length that regulate gene expression via a post-transcriptional silencing mechanism that depends on the complementarity between the miRNA and a target mRNA ([@pcw020-B56], [@pcw020-B97], [@pcw020-B80], [@pcw020-B18], [@pcw020-B84]). In angiosperms, the majority of genes encoding miRNAs are transcribed by RNA polymerase II ([@pcw020-B8], [@pcw020-B49]) and processed from double-stranded RNA (dsRNA) precursors. The activity of DICER-LIKE 1 (DCL1) in combination with TOUGH (TGH; a G-patch domain protein), HYPONASTIC LEAVES 1 (HYL1; a dsRNA-binding protein) and SERRATE (SE; a zinc finger protein) is required for processing the miRNA primary transcript (pri-miRNA) and precursor miRNA (pre-miRNA), and release of the miRNA/miRNA\* duplex (miRNA\* is the complementary strand of the miRNA in the duplex) ([@pcw020-B84]). HUA ENHANCER1 (HEN1; a 2′-*O*-methyltransferase) is required for methylation at the 3′ end of the miRNA/miRNA\* duplex ([@pcw020-B101]). Loading of the miRNA into the RNA-induced silencing complex (RISC), where ARGONAUTE 1 (AGO1) plays a fundamental role as an effector ([@pcw020-B13], [@pcw020-B64]), provides the sequence specificity needed to locate the target mRNA. Depending on the degree of complementarity between the miRNA and the target mRNA, the RISC can induce either target silencing or translation inhibition ([@pcw020-B18], [@pcw020-B84]). MiRNAs play essential roles in numerous developmental processes and responses to environmental challenges ([@pcw020-B18], [@pcw020-B19]). In addition to miRNAs, short interfering RNAs (siRNAs) and phased secondary small RNAs (phasiRNAs), originally designated as *trans*-acting small interfering RNAs (tasiRNAs), also have significant roles in plants. SiRNAs that are 23--25 nt in length target homologous genomic DNA sequences for cytosine methylation and histone modifications through a phenomenon known as RNA-directed DNA methylation (RdDM) ([@pcw020-B55], [@pcw020-B68]). RdDM is involved in silencing invasive nucleic acids, including repetitive genomic regions and transposable elements ([@pcw020-B67]). PhasiRNAs (including tasiRNAs) are a class of siRNAs that are produced in a phased pattern from non-coding transcripts (*TAS* transcripts) by miRNA activity ([@pcw020-B76], [@pcw020-B93], [@pcw020-B4], [@pcw020-B104], [@pcw020-B32]). The biogenesis of phasiRNAs involves the activity of proteins distinct from those involved in miRNA and siRNA biogenesis ([@pcw020-B32], [@pcw020-B103]). TasiRNAs are conserved from mosses to flowering plants; one example is the regulatory circuit involving miR390 and *TAS3a* that regulates auxin responses and phase change by targeting *AUXIN RESPONSE FACTOR 2* (*ARF2*), *ARF3* and *ARF4* ([@pcw020-B4], [@pcw020-B98], [@pcw020-B30], [@pcw020-B42], [@pcw020-B66], [@pcw020-B32]).

In a transcriptome study of *M. polymorpha*, 33,692 expressed sequence tags were generated from immature male and female sexual organs to identify sex-determining genes ([@pcw020-B72], [@pcw020-B73]). [@pcw020-B87] studied whole-transcriptome profiles from vegetative thalli as well as from immature and mature sexual organs and generated 46,533 contigs by de novo assembly (the N~50~ lengths were 757 and 471 bp, respectively, based on various assemblers). In a miRNA study of *P. patens* and *S. moellendorffii*, 280 and 64 mature miRNAs were identified, respectively, and registered in miRBase (version 21) ([@pcw020-B51], [@pcw020-B107]). Moreover, miRNAs and their targets in *Pellia endiviifolia*, a Jungermanniopsida liverwort, have been reported ([@pcw020-B3]). These miRNAs were identified through small RNA cloning ([@pcw020-B9], [@pcw020-B31], [@pcw020-B52]) and next-generation sequencing (NGS) approaches ([@pcw020-B51], [@pcw020-B107]). These bryophyte transcriptome and miRNA profiles provide useful information for studies of miRNA evolution in embryophytes.

Bona fide miRNAs can be discovered through the detection of both the miRNA and the cleaved complementary miRNA targets using RNA degradome sequencing ([@pcw020-B1], [@pcw020-B39], [@pcw020-B40]). The degradome has been analyzed via a high-throughput approach involving the sequencing of the 5′ ends of uncapped RNA fragments on a genome-wide scale. This approach has been widely used for miRNA/target predictions ([@pcw020-B17], [@pcw020-B99], [@pcw020-B102]) and validation in diverse plant species, including those without a reference genome ([@pcw020-B1], [@pcw020-B38], [@pcw020-B15], [@pcw020-B45], [@pcw020-B100]). We found evidence for pri-miRNAs giving rise to more than one pre-miRNA and also for a precursor that can produce multiple miRNAs. All together, in this study we identified a set of 129 unique miRNAs (118 unique sequence novel miRNAs and 11 sequences that can be grouped into seven conserved miRNA families) generated from 71 different pre-miRNAs that are processed from 62 pri-miRNAs. We obtained statistically significant evidence of miRNA-mediated cleavage for 171 target genes and 78 undefined transcripts using our miRNA/target prediction pipeline. In addition, we show that integrating the degradome profile into the pipeline improved the accuracy of our miRNA/target prediction. Embryophyte evolution and several important miRNAs and target genes of *M. polymorpha* are highlighted and discussed in this article.

Results
=======

Whole-transcriptome analysis and gene annotation in *M. polymorpha*
-------------------------------------------------------------------

Poly(A) RNA purified from total RNA of 4-week-old *M. polymorpha* thalli (accession Takaragaike-1; Tak1) was used for library generation and transcriptome analysis by deep sequencing ([Fig. 1](#pcw020-F1){ref-type="fig"}A). Eighty-four million reads were obtained from transcriptome sequencing, and 39,090 contig sequences were de novo assembled using the CLC Genome Workbench (version 5.1). The N~50~ of these contigs was 1,962 nt ([Table 1](#pcw020-T1){ref-type="table"}). The ContigViews-transcriptome system ([www.contigviews.bioagri.ntu.edu.tw/publish/list?type=transcriptome](http://www.contigviews.bioagri.ntu.edu.tw/publish/list?type=transcriptome)) can automatically determine the integrity of a gene in terms of the presence of a complete open reading frame (ORF) ([@pcw020-B60]). After ORF annotation, we identified 4,890 potentially full-length mRNAs (12.5% of the contigs) with both 5′- and 3′-untranslated regions (UTRs) and a complete ORF ([Table 1](#pcw020-T1){ref-type="table"}; [Fig. 1](#pcw020-F1){ref-type="fig"}B). Fig. 1Characterization of the *Marchantia polymorpha* transcriptome and the annotation of open reading frames (ORFs). (A) Four-week-old *M. polymorpha* plants (Tak1 accessions). Scale bar = 2 cm. (B) Pie chart showing the percentages of full-length transcripts (12.5%), partial transcripts (11.7%) and undefined transcripts (75.8%) from the 39,090 de novo assembled *M. polymorpha* contigs. (C) Gene length distribution comparison between *M. polymorpha* and *Arabidopsis thaliana.* Only the coding DNA sequences (CDS) of full-length transcripts were calculated. (D) Amino acid similarity of the CDS from Arabidopsis and *M. polymorpha.* (E) Size distribution of small RNAs in *M. polymorpha*. Table 1Summary of the sequenced transcriptome assembly and gene annotation results*Marchantia polymorpha* transcriptomeRaw reads84,890,386 readsDe novo assembled contigs*^a^*39,090 contigsN~50~ of de novo assembled contigs1,962 ntComplete gene4,890 genes (12.5%)Partial gene4,573 genes (11.7%)Undefined transcript29,627 contigs (75.8%)[^1]

The average size of *M. polymorpha* ORFs is similar to that observed in Arabidopsis ([Fig. 1](#pcw020-F1){ref-type="fig"}C). However, the average amino acid sequence similarity between *M. polymorpha* and Arabidopsis is \<20% ([Fig. 1](#pcw020-F1){ref-type="fig"}D). In addition, 11.7% of the contigs (4,573 transcripts) represent partial mRNAs, which lack the 5′ end and/or the 3′ end and encode a partial ORF ([Table 1](#pcw020-T1){ref-type="table"}; [Fig. 1](#pcw020-F1){ref-type="fig"}B). Interestingly, 75.8% of the contigs (29,627 transcripts) showed no identifiable ORF similarity when compared with the Arabidopsis or European Molecular Biology Laboratory (EMBL) coding sequence (CDS) databases. Some of these transcripts might belong to novel genes not yet reported. However, some of these transcripts might be portions of long UTRs or encode either long non-coding RNAs (lncRNAs) or rRNAs. Therefore, we defined such transcripts as undefined transcripts ([Table 1](#pcw020-T1){ref-type="table"}; [Fig. 1](#pcw020-F1){ref-type="fig"}B). In summary, the sequence of 39,090 contigs can be used to search for potential miRNA precursors, while 9,463 annotated genes can be used to identify miRNA targets. As a reference, contig identifications (IDs) of *M. polymorpha* transcripts in the ContigViews database were labeled with the prefix 'LW' (indicating liverwort) followed by a serial number; for example, the ID of the Mp*AGO1* gene is LW1759. In addition, official gene IDs of *M. polymorpha*, which were announced by the Joint Genome Institute (JGI) and which correspond to these contigs, are listed in [Supplementary Tables S1](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1) and [S2](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1).

MiRNA prediction in *M. polymorpha*
-----------------------------------

To achieve sampling consistency, all libraries (mRNA, small RNA and degradome) originated from the same batch of total RNA. Regarding the size distribution of small RNAs, most small RNAs (\>2.6 × 10^6^) were 21 nt in length the second largest group (∼1.3 × 10^6^) contains small RNAs of 22 nt in length and approximately 1 × 10^6^ small RNAs were 24 nt in length ([Fig. 1](#pcw020-F1){ref-type="fig"}E). [Fig. 2](#pcw020-F2){ref-type="fig"}A shows the workflow for miRNA and target prediction. All predictions were performed using RNAfold, psRNATarget and ContigViews web servers ([@pcw020-B22], [@pcw020-B60]). Fig. 2RNA-Seq workflow for miRNA--target prediction in *Marchantia polymorpha.* (A) Four-week-old thalli of *M. polymorpha* were selected for whole-transcriptome, small RNA and degradome analyses using deep sequencing. The ContigViews platform was employed to annotate open reading frames (ORFs) from a set of 39,090 de novo assembled *M. polymorpha* contigs. RNA secondary structure was predicted with the RNAfold program from the Vienna RNA web server. MiRNA target prediction was performed with the psRNATarget web server. (B) The algorithm for miRNA prediction. (C) Pie chart illustrating the distribution of the first 5′-end nucleotides of *M. polymorpha* miRNA.

The RNA secondary structures of all 39,090 contig sequences were generated with the RNAfold algorithm accessed via the Vienna RNA web server (rna.tbi.univie.ac.at). Small RNAs mapped against contig sequences showing perfect identity to the stem region of predicted stem--loop structures were selected and potential miRNAs and miRNA\*s were filtered based on established criteria for annotation of plant miRNAs including the presence of a 3′-end overhang of 0--3 nt ([Fig. 2](#pcw020-F2){ref-type="fig"}B) ([@pcw020-B12], [@pcw020-B53], [@pcw020-B48]). We employed a combination of in silico prediction with psRNATarget ([Fig. 2](#pcw020-F2){ref-type="fig"}A) and experimental validation by degradome analysis. ContigViews was used to analyze the degradome profile further, and targets were selected based on the presence of a statistically significant degradome peak (t-plot) at the 10th and 11th positions on the target site. All the miRNA and target information, including transcript expression and degradome profiles, was integrated as a database in the open access ContigViews-miRNA system ([www.contigviews.bioagri.ntu.edu.tw/publish/list?type=miRNA](http://www.contigviews.bioagri.ntu.edu.tw/publish/list?type=miRNA)).

We evaluated whether integrating the degradome profile can enhance the accuracy of miRNA and target prediction. In total, 10,966 species (reads \>1) of 12.6 × 10^6^ small RNA species were shown to be located on the hairpin stem. The 10,966 small RNA species were used as miRNA candidates to predict their targets using psRNATarget without integrating the degradome profile, resulting in 8,403 of the 10,966 small RNA species having potential targets. However, after integrating the degradome profile, only 1,287 of the 8,403 species of small RNAs showed a significant degradome signal at the target site; thus, the degradome profile improves the accuracy of the miRNA and target prediction and might remove false-positive results.

Following the analysis, 1,287 species of small RNAs were merged into 129 miRNA species derived from 71 pre-miRNAs that were generated from 62 pri-miRNAs ([Supplementary Table S1](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)). Fifty-three of 129 unique miRNA sequences could be classified into 23 miRNA families ([Supplementary Table S3](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)). Moreover, these Mp*MIR* genes have been mapped to the *M. polymorpha* genome, and all precursors (62 precursors) were found in the genome. Raw reads of the *M. plymorpha* genome (SRR1899537) that were generated by the JGI were downloaded from the Sequence Read Archive (SRA) of the National Center for Biotechnology Information (NCBI), and drafts of genome contigs were de novo assembled by ABySS (version 1.3.4; k-mer 64) and CLC (version 7.1; k-mer 64) and used for Mp*MIR* gene mapping. These findings confirmed the accuracy of miRNA prediction.

In general, we found that some pre-miRNAs can generate \> 1 miRNA. For instance, pre-Mpo-miR529c generates three miRNA species, Mpo-miR529c.1, Mpo-miR529c.2 and Mpo-miR529c.3, which have respective targets ([Supplementary Fig. S29](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1); [Supplementary Table S1](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)). We evaluated the first 5′-end nucleotide of *M. polymorpha* miRNAs and found that 'U' most often serves as the first 5′-end nucleotide (46.5%), whereas 'A', 'C' and 'G' are the first 5′-end nucleotide in 18.6%, 20.2% and 14.7% of cases, respectively ([Fig. 2](#pcw020-F2){ref-type="fig"}C).

Target prediction in *M. polymorpha*
------------------------------------

*Marchantia polymorpha* miRNAs can target and cleave 171 mRNAs and 78 undefined transcripts with a significant degradome peak (*P* \< 0.01) at a given predicted target cleavage position (between the 10th and 11th positions in the target site) ([Supplementary Table S1](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1); [Supplementary Figs. S1--S88](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)). Notably, with the exception of five contigs that were not in the JGI gene model, the other 166 contigs were assigned JGI gene IDs ([Supplementary Table S1](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)). In addition, [Supplementary Table S2](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1) lists names of homologs of *M. polymorpha* target genes from Arabidopsis or other species and their functions. We analyzed these targets by gene family annotation using ContigViews and found that 26.4% of the targets (24 of 91 annotated functional genes) were transcription factor (TF) genes ([Supplementary Fig. S89A](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)). The second largest group comprised miscellaneous membrane-associated genes. These results suggest that TF genes are the major miRNA targets in *M. polymorpha* ([Supplementary Fig. S89A, B](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)). We also analyzed the Gene Ontology (GO) terms of these genes; the top 17 GO terms for these targets were related to functions in biological processes, biosynthetic processes, plastid, response to stress, regulation of biological processes, multicellular organismal development, response to abiotic stimuli, reproduction, protein binding, metabolic process, nucleus, catalytic activity, plasma membrane, binding, response to endogenous stimulus, anatomical structure morphogenesis and catabolic process ([Supplementary Fig. S89C](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)).

In addition to interactions between mRNAs and miRNAs, we also search for potential miRNA targets in the set of undefined transcripts. The undefined transcripts of *M. polymorpha* (29,627 contigs) were blasted against 669,430 lncRNA reference sequences (e^--10^) in the NONCODE database ([www.noncode.org](http://www.noncode.org)). A total of 19 contigs of *M. polymorpha* contained lncRNAs that were homologous to the reference sequence of Arabidopsis, and one of them (LW225) was targeted by Mpo-miR11704.1. Thus, miRNAs also regulate lncRNA expression ([Supplementary Table S1](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)). In addition, we identified another 77 undefined transcripts, which have no homologs in the NONCODE database targeted by miRNAs. The information will be useful for further investigations ([Supplementary Table S1](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)).

We incorporated miRNA/target and degradome information into a custom-made *M. polymorpha* transcriptome database to generate a ContigViews-miRNA database, which provides confirmed results for public searching. The sequences of 129 miRNAs and 249 targets (171 genes and 78 undefined transcripts) are listed in [Supplementary Table S1](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1). Details regarding the precursor structures, miRNA--target pairing, and degradome evidence can be accessed in [Supplementary Figs. S1--S88](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1).

Identification of gene silencing-related pathways
-------------------------------------------------

To characterize the miRNA machinery of *M. polymorpha*, we identified *M. polymorpha* orthologs of core components involved in the different RNA-mediated gene silencing pathways in Arabidopsis ([Table 2](#pcw020-T2){ref-type="table"}). We found two Argonaute family members, Mp*AGO1* (LW1759) and Mp*AGO4* (LW8524) ([Table 2](#pcw020-T2){ref-type="table"}). Regarding the *DCL* family, we identified Mp*DCL1* (LW6271), which showed high similarity to At*DCL1* ([Table 2](#pcw020-T2){ref-type="table"}). Additional orthologous genes of flowering plant gene silencing components were found, including Mp*SGS3* (LW4624), Mp*DRB2* (LW1470), Mp*NRPB2a* (LW8690) and Mp*RDR6* (LW8437) ([Table 2](#pcw020-T2){ref-type="table"}). We were unable to identify a *HEN1* ortholog in *M. polymorpha.* However, we were able to detect miRNA methylation using established protocols for β-elimination. Here, *A. thaliana* Columbia ecotype (Col-0) and transgenic Arabidopsis expressing the *P1/HC-Pro* gene (*P1/HC* plant) were used as controls for evaluation of miRNA methylation efficiency ([Fig. 3](#pcw020-F3){ref-type="fig"}). P1/HC-Pro is a viral suppressor, which represses HEN1 function in miRNA 3′-end 2′-*O*-methylation ([@pcw020-B105]). In Col-0 plants, miR166 shows 21 nt after β-elimination, indicating that 3′-end 2′-*O*-methylation ([Fig. 3](#pcw020-F3){ref-type="fig"}). However, P1/HC-Pro inhibits 3′-end 2′-*O*-methylation of miRNA, resulting in 20 nt of miR166 after β-elimination in *P1/HC* plants ([Fig. 3](#pcw020-F3){ref-type="fig"}). According to our β-elimination assay results, *M. polymorpha* miRNAs are methylated in vivo (21 nt after β-elimination) ([Fig. 3](#pcw020-F3){ref-type="fig"}), suggesting that either an as yet unfound HEN1 or other RNA methyltransferases of *M. polymorpha* might be involved in miRNA 3′-end 2′-*O*-methylation. Fig. 3Detection of miRNA 3′-end 2′-*O*-methylation in *Marchantia polymorpha.* β-Elimination assay of miR166 in Col-0, transgenic Arabidopsis expressing the *P1/HC-Pro* gene (*P1/HC*), and *M. polymorpha.* The upper panel shows an X-ray film after a long exposure (12 h). The lower panel shows an X-ray film after a short exposure (4 h). Table 2List of genes related to transcriptional and post-transcriptional gene silencing and RNA-dependent DNA methylation in Arabidopsis and *Marchantia polymorpha*Category*A. thaliana* gene nameAGI numberDescription*M. polymorpha* contig ID*M. polymorpha* gene nameARGONAUTE*AGO1*AT1G48410ARGONAUTE 1LW1759Mp*AGO1AGO4*AT2G27040ARGONAUTE 4LW8524Mp*AGO4*DICER-like*DCL1*AT1G01040DICER-LIKE 1LW6271Mp*DCL1*HEN1*HEN1*AT4G20910HUA ENHANCER 1NA*^a^*NASGS3*SGS3*AT5G23570SUPPRESSOR OF GENE SILENCING 3LW4624Mp*SGS3*DsRNA-binding protein*DRB2*AT2G28380DsRNA-binding proteinLW1470Mp*DRB2*RNA polymerase*NRPD2A*AT3G23780Nuclear RNA polymeraseLW8690Mp*NRPD2ARDR6*AT3G49500RNA-dependent RNA polymeraseLW8437Mp*RDR6*[^2]

Conserved miRNAs in *M. polymorpha*
-----------------------------------

We identified four conserved pre-miRNAs (pre-Mpo-miR166a, pre-Mpo-miR390, pre-Mpo-miR529c and pre-Mpo-miR171) with full-length hairpin structures in our transcriptome ([Fig. 4](#pcw020-F4){ref-type="fig"}A). In accordance with the general rule that the miRNA is typically more abundant than the miRNA\* ([@pcw020-B12], [@pcw020-B53], [@pcw020-B48]), the numbers of read counts for mature Mpo-miR166a, Mpo-miR390 and Mpo-miR529c were higher than those observed for their corresponding miRNA\* strands ([Fig. 4](#pcw020-F4){ref-type="fig"}A, panels i, ii and iii). However, regarding Mpo-miR171-3p, a lower read count (10 reads) was observed for the miRNA than for Mpo-miR171-3p\* (36 reads) ([Fig. 4](#pcw020-F4){ref-type="fig"}A, panel iv). Similar to pre-Ath-miR171, which produces Ath-miR171-5p and Ath-miR171-3p from both sides, the opposite side of Mpo-miR171-3p can produce another novel miRNA (Mpo-miR171-5p.2), which is predicted to target Mp*PHOT* (LW771; AB938188), which encodes a blue light photoreceptor phototropin in *M. polymorpha* ([Fig. 4](#pcw020-F4){ref-type="fig"}A, panel iv; [Supplementary Table S2](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)) ([@pcw020-B50]). Additionally, pre-Mpo-miR529c can produce three isoforms, Mpo-miR529c.1 (5504 reads), Mpo-miR529c.2 (96 reads) and Mpo-miR529c.3 (133 reads), which target five different transcripts ([Fig. 4](#pcw020-F4){ref-type="fig"}A, panel iii). Fig. 4Four conserved miRNAs in *Marchantia polymorpha.* (A) MiRNA precursor structures. Sequences in bold black represent miRNAs, while sequences in bold gray represent the miRNA\* strands. Read counts are indicated in parentheses. (B) The detection of conserved miRNAs by Northern blot in *M. polymorpha.* U6 was used as a loading control. The asterisk indicates that the deep sequence of the small RNA comprises \>700 read counts. (C) Conserved miRNAs and their pairwise target regions. The dashed line indicates the 10th and 11th positions of the miRNA. The arrowhead and the number indicate the position observed in the degradome and the number of read counts, respectively. (D) Degradome map of the miRNA target. The black line indicates significant (binomial test, *P*-value \< 0.001) degradome read counts at the 10th and 11th positions of the target site. Degradome reads were normalized to the total degradome read counts.

MiRNAs corresponding to all four conserved pre-miRNAs can be detected in Tak1 and Tak2 accessions, and the Northern signals correlated with the deep sequencing read counts ([Fig. 4](#pcw020-F4){ref-type="fig"}B). We identified the targets of these four miRNAs by demonstrating evidence of miRNA-mediated cleavage ([Fig. 4](#pcw020-F4){ref-type="fig"}C, D). Mpo-miR166a targets the *CLASS III HOMEODOMAIN LEUCINE ZIPPER1* gene (Mp*C3HDZ1*; LW6010) (56 degradome reads at the 10th and 11th positions of the cleavage site) ([Fig. 4](#pcw020-F4){ref-type="fig"}C, panel i; [Fig. 4](#pcw020-F4){ref-type="fig"}D, panel i; [Table 3](#pcw020-T3){ref-type="table"}) ([@pcw020-B35]), and Mpo-miR390 targets a *LEUCYL AMINOPEPTIDASE2* (AT4G30920) homolog-LW5937 in *M. polymorpha* (48 degradome reads at the cleavage sites) ([Fig. 4](#pcw020-F4){ref-type="fig"}C, panel ii; [Fig. 4](#pcw020-F4){ref-type="fig"}D, panel ii; [Table 3](#pcw020-T3){ref-type="table"}). Notably, *TAS3*-like sequence has been found in *M. polymorpha* genomic DNA ([@pcw020-B52]); however, no miR390-targeted *TAS3* transcript was found in this study. Table 3Function of genes targeted by conserved miRNAsTarget IDTarget nameHomolog AGI/EMBLFunctionmiRNAPrecursor IDLW6010Mp*C3HDZ1*AT1G52150Homeobox-leucine zipper familyMpo-miR166aLW8433LW5937NAAT4G30920Leucine aminopeptidase chloroplastic-likeMpo-miR390LW10802LW5678NAAT2G39260RNA bindingLW1323NACAN66130NA*^a^*Mpo-miR529c.1LW4860LW7434NAAT4G16210Enoyl-CoA hydratase/isomerase ALW8291NAAT5G56110R2R3 MYB transcription factorMpo-miR529c.2LW2562NAAT2G40260Homeodomain-like superfamilyLW2626NAAT1G76810Translation initiation factorMpo-miR529c.3LW1838NAAT1G66350Negative regulator of gibberellin responsesMpo-miR171‐3pLW28759LW11608NAAT5G07475Cupredoxin superfamily proteinMpo-miR408a.1NALW12208NAAT2G25060*EARLY NODULIN-LIKE PROTEIN 14*LW1579NAAT1G76100*PLASTOCYANIN 1*LW1761NAAT3G17810*PYRIMIDINE 1*LW1935NAEDQ69569NALW2509NAAT5G11840NALW2886NAAT5G49800Polyketide cyclase/dehydrase and lipid transport superfamily proteinLW3258NAAT5G49580Chaperone DnaJ-domain superfamily proteinLW3469NAEDQ61308NALW3745NAAT4G14420HR-like lesion-inducing protein-relatedLW3787NAABK21292NALW3821NAAT2G40690*SUPPRESSOR OF FATTY ACID DESATURASE DEFICIENCY 1*LW4132NAAT2G42520P-loop-containing nucleoside triphosphate hydrolases superfamily proteinLW5963NAAT1G69060Chaperone DnaJ-domain superfamily proteinLW6869NAAT5G21105[l]{.smallcaps}-Ascorbate oxidaseLW8835NAAT3G60810NALW8846NAAT2G02850*PLANTACYANIN*LW17444NAAT3G17910*EMBRYO DEFECTIVE 3121*LW3186NAAT5G06000*EUKARYOTIC TRANSLATION INITIATION FACTOR 3G2*LW8164NAEBG08682NALW13438NAAT3G16110*PROTEIN DISULFIDE ISOMERASE 4*Mpo-miR408a.2LW4001NAAT5G02160NALW1641Mp*ARF3*AT2G28350*AUXIN RESPONSE FACTOR 10*Mpo-miR160NALW3585NAAT1G18790*RWP-RK DOMAIN-CONTAINING 1*Mpo-miR319aNALW575NAAT5G06100*MYB DOMAIN PROTEIN 33*[^3]

Mpo-miR529c.1 targets LW1323 (112 degradome reads) and the *ENOYL-COA HYDRATASE2* (AT4G16210) homolog-LW7434 (102 degradome reads). Mpo-miR529c.2 targets the *MYB* TF (AT5G56110) homolog-LW8291 (17 degradome reads) and the homeodomain TF (AT2G40260) homolog-LW2562 (13 degradome reads), whereas Mpo-miR529c.3 targets the translation initiation factor (AT1G76810) homolog-LW2626 (16 degradome reads) ([Fig. 4](#pcw020-F4){ref-type="fig"}C, panels iii, and iv; [Fig. 4](#pcw020-F4){ref-type="fig"}D, panels iii and iv; [Table 3](#pcw020-T3){ref-type="table"}). Mpo-miR171-3p targets a *GRAS* TF (AT1G66350) homolog-LW1838 in *M. polymorpha* (19 degradome reads) ([Fig. 4](#pcw020-F4){ref-type="fig"}C, panel v; [Fig. 4](#pcw020-F4){ref-type="fig"}D, panel v; [Table 3](#pcw020-T3){ref-type="table"}). All of the conserved miRNAs and their target genes are listed in [Table 3](#pcw020-T3){ref-type="table"}.

Conserved miRNAs without identified precursors
----------------------------------------------

We also identified three conserved miRNA sequences (Mpo-miR408a, Mpo-miR160 and Mpo-miR319a) from small RNA profiles, but we did not identify their precursor sequences in the transcriptome database ([Table 3](#pcw020-T3){ref-type="table"}), possibly because of low expression in the tissues analyzed or potential instability of the pre-miRNAs. Mpo-miR408a has two isoforms (Mpo-miR408a.1 and Mpo-miR408a.2) and 22 targets with significant degradome peaks ([Table 3](#pcw020-T3){ref-type="table"}; [Supplementary Figs. S7--S28](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)). Mpo-miR160 targets an Mp*ARF3* (AB981319 in DDBJ; LW1641 in ContigViews) in *M. polymorpha* ([Table 3](#pcw020-T3){ref-type="table"}; [Supplementary Fig. S1](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)) ([@pcw020-B46], Flores-Sandoval et al. 2016), whereas Mpo-miR319a targets the *MYB* TF (AT5G06100) homolog-LW575 ([Table 3](#pcw020-T3){ref-type="table"}; [Supplementary Figs. S4, S5](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)).

MiRNAs control diverse plant processes
--------------------------------------

We identified the potential targets of 118 novel miRNAs by using degradome evidence ([Supplementary Table S1](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1); [Supplementary Figs. S30--S88](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)). Several developmental genes and stress response genes are controlled by Mp*MIR* genes. Regarding TF genes, Mpo-miR11671.1 targets the *SQUAMOSA PROMOTER BINDING PROTEIN-LIKE* (At*SPL*; AT1G02065) homolog-LW2610. Mpo-miR11693a and Mpo-miR11693b target another homeodomain TF (AT2G33550) homolog-LW6737. *SENSITIVE TO PROTON RHIZOTOXICITY1* (At*STOP1*; AT1G34370) TF homolog-LW1299 is targeted by Mpo-miR11677 ([Supplementary Tables S1, S2](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)). The other miRNA-targeted TF genes are listed in [Supplementary Table S2](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1) and [Supplementary Fig. S91B](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1).

Regarding genes involved in nutrition pathways, Mpo-miR11690.1 targets the *LOW PHOSPHATE ROOT 1* (AT1G23010) homolog-LW5218, and Mpo-miR11683 targets the *SENSITIVE TO NITROGEN MUSTARD 1* (AT3G26680) homolog-LW17800. Moreover, Mpo-miR11678.2 targets the *PHOSPHATE TRANSPORTER 2;1* (At*PHT2;1*; AT3G26570) homolog-LW4390 ([Supplementary Tables S1, S2](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)). AtPHT2;1 is a shoot-specific low-affinity Pi transporter that was hypothesized to play a role in Pi loading of shoots ([@pcw020-B23]).

Several *LEUCINE-RICH REPEAT* (*LRR*) genes, LW8529, LW2020 and LW7304, are targeted by Mpo-miR11680a.1, Mpo-miR11687.1 and Mpo-miR11674.1, respectively ([Supplementary Tables S1, S2](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)). Regarding stress and defense responses genes, Mpo-miR11670.2 targets the *ACCELERATED CELL DEATH2* (At*ACD2*; AT4G37000) homolog-Mp*Rccr* (LW12064); Mpo-miR11670.4 targets the *RESPONSIVE TO DEHYDRATION21* (At*RD21*; AT1G47128) homolog-LW1066; and Mpo-miR11720 targets the stress-responsive gene (AT2G32500) homolog-LW1514 and the *ENHANCED DOWNY MILDEW2* (At*EDM2*; AT5G55390) homolog-LW16495, respectively.

Regarding developmental genes, Mpo-miR11687.1 targets the *BARELY ANY MERISTEM2* (AT3G49670) homolog-LW2536, Mpo-miR11679.1 targets the *VERNALIZATION INDEPENDENCE4* (At*VIP4*; AT5G61150) homolog-LW4639, and Mpo-miR11718.1 targets the *GRF1-INTERACTING FACTOR3* (AT4G00850) homolog-LW4216. Finally, Mpo-miR11704.2 targets the *HISTONE 3.3* (AT5G10980) homolog-LW1290. Detailed information is provided in [Supplementary Tables S1](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1) and [S2](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1), and [Supplementary Figs. S1--S88](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1).

Novel miRNAs regulate Mp*AGO1* and Mp*MADS* genes in *M. polymorpha*
--------------------------------------------------------------------

We highlight 15 novel miRNAs (Mpo-miR11685.1, Mpo-miR11681.1, Mpo-miR11671.1, Mpo-miR11680a.1, Mpo-miR11687.1, Mpo-miR11677.1, Mpo-miR11698.1, Mpo-miR11670.2, Mpo-miR11707.1, Mpo-miR11707.2, Mpo-miR11692.1, Mpo-miR11676, Mpo-miR11669.1, Mpo-miR11672.2 and Mpo-miR11668), which have important targets in *M. polymorpha*, as their respective Arabidopsis homologs exert crucial functions in developmental processes ([Table 4](#pcw020-T4){ref-type="table"}). As shown in [Fig. 5](#pcw020-F5){ref-type="fig"}, two miRNA precursors, pre-Mpo-miR11687.1 and pre-Mpo-miR11681, can generate two novel miRNAs. However, pre-Mpo-miR11707 can generate two miRNAs, Mpo-miR11707.1 and Mpo-miR11707.2, from the stem--loop ([Fig. 5](#pcw020-F5){ref-type="fig"}A, panel i). Our data show that both miRNAs can target Mp*AGO1* (LW1759) mRNA ([Fig. 5](#pcw020-F5){ref-type="fig"}B, panels i, and ii). Mpo-miR11707.1, the major 21 nt species (1,654 read counts from small RNA profiles) can also be detected in *M. polymorpha* Tak1 and Tak2 accessions by Northern blot ([Fig. 5](#pcw020-F5){ref-type="fig"}C). Moreover, the degradome profile also shows a significant degradome peak (76 degradome reads; *P* \< 0.01) at the 10th and 11th positions of the target site ([Fig. 5](#pcw020-F5){ref-type="fig"}D, panel i). Mpo-miR11707.2 (22 nt) is less abundant with only 48 read counts, and also shows a significant degradome peak (*P* \< 0.01), although the peak only has 18 degradome reads ([Fig. 5](#pcw020-F5){ref-type="fig"}D, panel ii). Our data provide evidence of Mpo-miR11707.1- and Mpo-miR11707.2-mediated Mp*AGO1* cleavage. Fig. 5Four novel miRNAs that regulate *AGO1* and *MADS* genes in *Marchantia polymorpha.* (A) Four novel miRNA precursor structures. Sequences in bold black represent miRNAs, while sequences in bold gray represent miRNA\* strands. Read counts are indicated in parentheses. (B) Four novel miRNAs and their pairwise target regions. The dashed line indicates the 10th and 11th positions of the miRNA. The arrowhead and the number indicate the position observed in the degradome and the number of read counts, respectively. (C) The detection of novel miRNAs by Northern blot in *M. polymorpha.* U6 was used as a loading control. The asterisk indicates that the miRNA sequence comprises \>700 read counts. (D) Degradome map of the miRNA target. The black line indicates the significant (binomial test, *P*-value \< 0.001) degradome read counts at the 10th and 11th positions of the target site. Table 4Function of genes targeted by novel miRNAsTarget IDTarget nameHomolog AGI/EMBLFunctionmiRNAPrecursor IDLW4492NA*^a^*AT4G14465AT-hook motif nuclear-localized 20Mpo-miR11685.1LW2962LW14289Mp*MADS2*EDQ77973MIKC^C^ MADS domainMpo-miR11681.1LW11075LW7948NAAT5G50840NALW6190NAEFJ17613NALW8165NAAT3G27820Peroxisome membrane-bound monodehydroascorbate reductaseLW22348NAEFJ28954NALW7577NAAT5G54310ARF GAP domainMpo-miR11681.2LW2610NAAT1G02065*SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 8*Mpo-miR11671.1LW14438LW14116NAEAZ44452NAMpo-miR11680a.1LW22799LW5512NAAT3G46640LUX ARRHYTHMOLW3805NAAT3G44200NIMA-related serine/threonine kinaseLW8529NAAT2G30105NALW2328Mp*MADS1*AT1G22130MIKC\* MADS domainMpo-miR11687.1LW20753LW2536NAAT3G49670*BARELY ANY MERISTEM 2*LW2020NAAT1G75640Leucine-rich receptor-like protein kinaseLW10506NAEFJ06590NALW3476NAAT3G61050*CALCIUM-DEPENDENT LIPID-BINDING PROTEIN*LW921NAAT1G30450*CATION-CHLORIDE CO-TRANSPORTER 1*Mpo-miR11677LW11685LW9386NAAT1G48380*HYPOCOTYL 7*LW28862NAEFJ23241NALW798NAAT2G27290NALW8919NAAT2G20780Carbohydrate transmembrane transporter activityLW3390NAAT1G55350*DEFECTIVE KERNEL 1*LW2282NAAT4G38160*PIGMENT DEFECTIVE 191*LW3379NAAT1G75200Radical SAM domain-containing proteinLW769NAAT5G47390*MYB HYPOCOTYL ELONGATION-RELATED*Mpo-miR11698.1LW2397LW5196NAAT5G41950Tetratricopeptide repeat (TPR)-like superfamilyLW3777NAAT1G75350*EMBRYO DEFECTIVE 2184*Mpo-miR11670.2LW5243LW12064Mp*Rccr*AT4G37000*ACCELERATED CELL DEATH 2*LW1759Mp*AGO1*AT1G48410*ARGONAUTE 1*Mpo-miR11707.1LW2038LW1946NAAT1G02080Transcription regulator activityLW1759Mp*AGO1*AT1G48410*ARGONAUTE 1*Mpo-miR11707.2LW2038LW9825Mp*PPR_66*AT2G17033Pentatricopeptide repeat-containing proteinMpo-miR11692.1LW9825LW573NAAT5G57420*INDOLE-3-ACETIC ACID-INDUCIBLE 33*LW1753NAEDQ70928NAMpo-miR11669.1LW13964Mpo-miR11672.2LW327Mpo-miR11668LW6532[^4]

Mpo-miR11687.1 and Mpo-miR11681.1 target two MADS-box genes, Mp*MADS1* (LW2328) and Mp*MADS2* (LW14289) ([Table 4](#pcw020-T4){ref-type="table"}; [Fig. 5](#pcw020-F5){ref-type="fig"}A, panels ii and iii; [Fig. 5](#pcw020-F5){ref-type="fig"}B, panels iii and iv), and generate 396 and 321 degradome read counts, respectively ([Fig. 5](#pcw020-F5){ref-type="fig"}D, panels iii and iv). In addition, Mpo-miR11687.1 can be detected by Northern blot in *M. polymorpha* ([Fig. 5](#pcw020-F5){ref-type="fig"}C), further supporting an in planta activity. Notably, most of the *M. polymorpha* miRNAs, which have \>700 read counts in small RNA profiles, can be detected by Northern blot ([Figs. 4](#pcw020-F4){ref-type="fig"}, [5](#pcw020-F5){ref-type="fig"}; [Supplementary Fig. S90](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)).

Reporter assay to confirm miRNA-mediated target down-regulation
---------------------------------------------------------------

Next, we used reporter assays to evaluate the down-regulation of Mp*C3HDZ1*, Mp*AGO1* and Mp*MADS1/2* expression when Mpo-miR166a, Mpo-miR11707.1, Mpo-miR11687.1 and Mpo-miR11681.1 were co-expressed in *Nicotiana benthamiana* ([Fig. 6](#pcw020-F6){ref-type="fig"}). A 120 nt DNA fragment, which contained the miRNA target site for each gene, was fused to the 5′ end of the *YFP* (yellow fluorescent protein) gene and the chimeric construct was expressed in a binary vector under the control the 35S promoter. A construct expressing only *YFP*, without Mpo-miR166a, was used as a negative control. The data indicate that YFP expression was not significantly affected by the presence of Mpo-miR166a in the chimeric construct ([Fig. 6](#pcw020-F6){ref-type="fig"}B, C, panel i). Notably, endogenous miR166 was detected in *N. benthamiana* tissues lacking Mpo-miR166a, but at low levels compared with those in tissues co-expressing Mpo-miR166a ([Fig. 6](#pcw020-F6){ref-type="fig"}C, panels i and ii). Interestingly, the construct, Mp*C3HDZ1-YFP*, which contains a wild-type miR166 target site ([Fig. 6](#pcw020-F7){ref-type="fig"}A, panel ii), showed either no YFP signal or low RNA accumulation in tissues, regardless of whether Mpo-miR166a was present or absent ([Fig. 6](#pcw020-F6){ref-type="fig"}B, C, panel ii). However, the miR166-resistant mutant Mp*C3HDZ1^mut^-YFP* ([Fig. 6](#pcw020-F7){ref-type="fig"}A, panel iii) exhibited a high YFP signal and a high level of mRNA accumulation in tissues where Mpo-miR166a was absent ([Fig. 6](#pcw020-F6){ref-type="fig"}B, C, panel ii). The YFP signal of Mp*C3HDZ1^mut^-YFP* was reduced in Mpo-miR166a-expressing tissues, suggesting that overexpression of Mpo-miR166a can still cleave the mutated site (three mismatches) to some extent. In summary, pre-Mpo-miR166a can be processed into Mpo-miR166a by the machinery of *N. benthamiana* plants and Mpo-miR166a is able to down-regulate Mp*C3HDZ1.* Fig. 6Reporter assay conducted to monitor the miRNA-mediated down-regulation of predicted targets by transient expression in *Nicotiana benthamiana.* (A) Schematic of miRNAs pairing with their target sites on the *YFP* fusion constructs. The red nucleotides are mutated target site nucleotides. All of the genes were cloned into a binary vector under the control of the 35S promoter. A *YFP*-only construct (i) was used as a negative control. The Mp*C3HDZ1-YFP* (ii), Mp*C3HDZ1^mut^-YFP* (iii), Mp*AGO1-YFP* (iv), Mp*MADS1-YFP* (v), Mp*MADS1^mut^-YFP* (vi) and Mp*MADS2-YFP* (vii) contructs contain 120 nt of the 5′ end of the gene; thus, they contain the Mpo-miR166a, Mpo-miR11707.1, Mpo-miR11687.1 and Mpo-miR11681.1 target sites, respectively, fused with the *YFP* gene. (B) YFP reporter assays were assessed using confocal microscopy. Scale bar = 250 µm. (C) The relative expression of the *YFP* reporter with/without miRNAs. The miRNAs were detected by Northern blot. 5S rRNA and tRNAs were used as loading controls. (D) The relative expression of Mp*MADS-YFP* genes with/without miRNAs. The miRNAs were detected by stem--loop real-time RT--PCR, and miRNA levels were normalized to endogenous miR159 expression in *N. benthamiana.* Relative expression of the targets was normalized to the expression of Nb*Actin* as assessed by real-time RT--PCR. Bars represent the SEs (*n* = 3). The relative expression of the target in the presence of a miRNA precursor is significantly different from that in the presence of the target only (without miRNA treatment) for each RNA sample, according to the results of Student's *t*-test; \**P* \< 0.05; \*\**P* \< 0.01. (E) Relative expression of wild-type Mp*MADS1* and the mutagenized miRNA-resistant Mp*MADS1^mut^* in *pro*Mp*EF1α:*Mp*MADS1* and *pro*Mp*EF1α*:Mp*MADS1^mut^ M. polymorpha* plants, respectively. Mp*MADS1* expression in *M. polymorpha* transformed with an empty vector was set to '1' and served as the wild-type (WT) reference. The numbers below indicate three independent transgenic *M. polymorpha* lines. Bars indicate the mean ± SE (*n* = *3*). Fig. 7The Mp*PPR_66* (LW9825) transcript generates Mpo-miR11692.1 to target its mRNA and other targets. (A) The secondary structure of the Mp*PPR_66* transcript, and the hairpin structure for the generation of Mpx-miR15.1. (B) Paired regions of Mpo-miR11692.1/Mp*PPR_66* (i) and Mpo-miR11692.1/LW573 (ii). The dashed line indicates the 10th and 11th positions of the miRNA. The arrowhead and number indicate the position observed in the degradome and the number of read counts, respectively. (C) Degradome map of the miRNA target. The black line indicates significant (binomial test *P*-value \< 0.001) degradome read counts at the 10th and 11th position of the target site. (D) Reporter assay to monitor Mpo-miR11692.1/Mp*PPR_66* (i) and Mpo-miR11692.1/LW573 (ii) interactions following transient expression in *Nicotiana benthamiana.* The relative expression of the targets was normalized to the expression of Nb*Actin* determined by real-time RT--PCR. Bars represent the SEs (*n* = 3). The relative expression of the targets in the presence of a miRNA precursor was significantly different from the expression in the presence of the target only (without miRNA treatment) for each RNA sample, according to the results of Student's *t*-test; \**P* \< 0.05; \*\**P* \< 0.01. The miRNAs were detected by Northern blot. 5S rRNA and tRNAs were used as loading controls.

Co-expression of the Mp*AGO1-YFP* construct with Mpo-miR11707.1 in *N. benthamiana* leaf cells led to a reduction in YFP fluorescence compared with the Mp*AGO1-YFP*-only sample ([Fig. 6](#pcw020-F6){ref-type="fig"}B). In addition, the real-time reverse transcription--PCR (RT--PCR) results also showed a reduction in the Mp*AGO1-YFP* signal when Mpo-miR11707.1 was present ([Fig. 6](#pcw020-F6){ref-type="fig"}C, panel iii). Similarly, the Mp*MADS1-YFP* construct also shows a reduced YFP signal when it was co-expressed with Mpo-miR11687.1 ([Fig. 6](#pcw020-F6){ref-type="fig"}B, D, panel i). In contrast, the Mpo-miR11687.1-resistant mutant (Mp*MADS1^mut^-YFP*) did not show reduced mRNA levels when Mpo-miR11687.1 was co-expressed ([Fig. 6](#pcw020-F6){ref-type="fig"}D, panel ii). A similar result was also observed when Mp*MADS2-YFP* constructs were co-expressed with Mpo-miR11681.1 ([Fig. 6](#pcw020-F6){ref-type="fig"}D, panel iii). Transient Mpo-miR11687.1 and Mpo-miR11681.1 expression was detected by real-time RT--PCR ([Fig. 6](#pcw020-F6){ref-type="fig"}D, lower panels).

Moreover, the miRNA-resistant versions of Mp*MADS1^mut^* and Mp*MADS1* genes were expressed under the control of the strong *M. polymorpha elongation factor promoter 1α* (Mp*EF1α*) ([@pcw020-B5]) in *M. polymorpha.* Transgenic plants overexpressing Mp*MADS1^mut^* showed a 12- to 24-fold increase of miRNA-resistant Mp*MADS1^mut^* mRNA expression compared with endogenous Mp*MADS1* expression, whereas overexpression of Mp*MADS1* caused only a 7- to 9-fold increase in expression ([Fig. 6](#pcw020-F6){ref-type="fig"}E). Expression of the miRNA-resistant Mp*MADS1^mut^* thus led to an approximately 2-fold increase in the accumulation of Mp*MADS1^mut^* mRNA in transgenic *M. polymorpha* plants, supporting the ability of Mpo-miR11687.1 to target Mp*MADS1* in planta ([Fig. 6](#pcw020-F6){ref-type="fig"}E). Even though the miRNA-processing machinery in *M. polymorpha* and *N. benthamiana* might be functionally different, our data clearly show that *M. polymorpha* miRNAs can be processed in the *N. benthamiana* heterologous system and that these novel miRNAs are able to down-regulate their targets in vivo. Further evaluation of such miRNA/target circuits in *M. polymorpha* might reveal the uniqueness of the miRNA pathway in these distant species. Data from additional reporter assays aiming to evaluate additional targets and relationships among conserved/novel miRNAs are presented in [Supplementary Fig. S92](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1).

Role of long miRNA precursors in miRNA biogenesis and target regulation
-----------------------------------------------------------------------

Interestingly, we identified two precursors, pre-Mpo-miR11672 (LW327) and pre-Mpo-miR11670 (LW5243), which have long and complex structures ([Supplementary Figs. S33, S35](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)). Mpo-miR11670.2 targets the *EMBRYO DEFECTIVE 2184* (AT1G75350) homolog-LW3777 and the At*ACD2* homolog-LW12064 ([Table 4](#pcw020-T4){ref-type="table"}; [Supplementary Fig. S33](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)). Mpo-miR11672.2 targets LW1753, a gene of unknown function ([Table 4](#pcw020-T4){ref-type="table"}; [Supplementary Fig. S35](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)). Importantly, LW1753 is also targeted by Mpo-miR11668 and Mpo-miR11669.1, albeit at different positions ([Table 4](#pcw020-T4){ref-type="table"}; [Supplementary Figs. S31, S32](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)).

In addition, the *PENTATRICOPEPTIDE REPEAT* gene transcript of *M. polymorpha* \[Mp*PPR_66* (LW9825)\] has a complex secondary structure ([Fig. 7](#pcw020-F7){ref-type="fig"}A). Its transcript has a stem--loop structure, and it can produce Mpo-miR11692.1 to target itself as well as the *INDOLE-3-ACETIC ACID INDUCIBLE* (AT5G57420) homolog-LW573 ([Fig. 7](#pcw020-F7){ref-type="fig"}A, B; [Table 4](#pcw020-T4){ref-type="table"}). The read count of Mpo-miR11692.1 (207 reads) in *M. polymorpha* is too low to be detected by Northern blot ([Supplementary Fig. S90](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)); however, the degradome profiles showed 145 and 71 degradome reads at target sites of Mp*PPR_66* and LW573, respectively ([Fig. 7](#pcw020-F7){ref-type="fig"}B, C). In the reporter assay, Mpo-miR11692.1 was shown to down-regulate its precursor (Mp*PPR_66*) and LW573 ([Fig. 7](#pcw020-F7){ref-type="fig"}D).

Discussion
==========

An integrated approach for characterizing *M. polymorpha* miRNAs
----------------------------------------------------------------

In this study, we integrated transcriptome, small RNA and degradome profiles using the ContigViews-miRNA platform to develop a pipeline for the prediction of *M. polymorpha* miRNAs and miRNA targets. This pipeline can be applied to predict miRNAs/targets in both model and non-model, organisms. Although the availability of a reference genome for the study of small RNAs is very useful, characterizing the small RNA component on a transcriptomic level is possible through a combination of RNA-Seq and degradome analyses. Notably, fast turnover rates of miRNAs might affect the results of miRNA prediction ([@pcw020-B86]).

Transcriptome sequences represent the existing transcripts in a particular tissue of an organism at a specific physiological and developmental moment. Therefore, using transcriptomic sequences for miRNAs and precursor identification can exclude false-positive hairpin structures such as those predicted from genomic DNA. However, the draft of genomic DNA contigs in non-model organisms can help to rule out misassembled transcripts or short contig sequences, which might be unable to form a hairpin structure, to enhance the prediction accuracy. Moreover, integrating the degradome profile improves the accuracy of miRNA and target prediction.

MiRNA target prediction in plants can be performed with the aid of well-established software programs such as the psRNAtarget web server, which predicts hundreds of targets that are likely to be down-regulated by miRNA-mediated cleavage or translation inhibition ([@pcw020-B22]). However, evaluating hundreds of predicted miRNA--target relationships one by one through an experimental approach is difficult. The RNA degradome is comprised of 5′-end sequences from degraded RNA that can be used to confirm the accuracy of such predictions. An assessment of degradome sequences allows miRNA-mediated cleavage (clear read accumulation peaks at the 10th and 11th positions of the target site) to be differentiated from mRNA decay (a widespread pattern of reads dispersed throughout the transcript). For example, we recently reported a degradome analysis showing that At-miR396 triggers decay of Arabidopsis *SHORT VEGETATIVE PHASE* mRNA by translation inhibition, resulting in multiple degradome peaks, showing that the degradome peaks are approximately 100 nt 3′ to the miR396 target site ([@pcw020-B99]).

The first 5′-end nucleotide of miRNA is a major determinant for sorting the miRNA into a particular AGO complex. In Arabidopsis, AGO1 favors a 5′-terminal 'U', whereas AGO2 and AGO4 preferentially recruit a 5′-terminal 'A', and AGO5 perferentially binds a 5′-terminal 'C' ([@pcw020-B70]). However, 5′-terminal 'G' exists at low levels in these AGOs in Arabidopsis. We observed several new features of *M. polymorpha* miRNAs and their targets. First, as reported in Arabidopsis, 46.5% of the first 5′-end nucleotides of miRNAs are 'U', which suggests a loading affinity for MpAGO1. Interestingly, 14.7% of Mpo-miRNAs (19 miRNAs) have a 'G' as the first 5′-end nucleotide. Thus, the presence of a first-G miRNA might be a feature of extant *M. polymorpha.* Secondly, the coding gene Mp*PPR_66* has a long stem--loop that can produce an Mpo-miR11692.1 to control its own mRNA and other mRNAs.

MiRNAs regulate defense/stress responses and chromatin remodeling
-----------------------------------------------------------------

Through miRNA/target identification studies, numerous miRNA-regulated targets with homologs that are involved in stress responses and defense (e.g. At*ACD2*, At*RD21*, At*EDM2*, *LRRs* and heat shock proteins) were identified in *M. polymorpha.* In Arabidopsis, AtACD2 can either suppress mitochondrial oxidative bursts and protect cells or modulate cell death ([@pcw020-B75]). AtRD21 is a granulin domain-containing cysteine protease implicated in the stress response and defense ([@pcw020-B54]). AtEDM2 is required for RPP7-dependent disease resistance in Arabidopsis ([@pcw020-B27]) and is a chromatin regulator that controls CHG methylation in the genome ([@pcw020-B57]). The functions of these homologs imply that similar defense mechanisms exist in *M. polymorpha* and that these mechanisms are modulated by miRNAs.

A previous study demonstrated that At*STOP1* was involved in a signal transduction pathway associated with acid soil tolerance in Arabidopsis roots ([@pcw020-B43]). However, Ppt-miR1023a, which is significantly differentially expressed during the juvenile to adult gametophyte stage transition, controls one At*STOP1* homolog in *P. patens* ([@pcw020-B7]). Consistently, Mpo-miR11677 controls an At*STOP1* homolog in *M. polymorpha.* Moreover, At*VIP4* is involved in seed dormancy and is required for the expression of the flowering repressor *FLC* by modulating histone H3K36 methylation on the promoter region ([@pcw020-B106], [@pcw020-B61]). The *HISTONE 3.3* homolog is also regulated by Mpo-miR11704.2.

Across kingdoms, lncRNA transcripts function as modular scaffolds with higher order organization as part of ribonucleoprotein complexes that interact with numerous chromatin regulators to target specific genomic locations ([@pcw020-B83], [@pcw020-B96]). In plants, lncRNAs are involved in diverse developmental programs during vernalization, fertilization, photomorphogenesis, phosphate homeostasis, alternative splicing and protein re-localization ([@pcw020-B16], [@pcw020-B41], [@pcw020-B24], [@pcw020-B44], [@pcw020-B10], [@pcw020-B95]). Here, we demonstrated that 78 undefined transcripts were cleaved by 37 miRNAs in *M. polymorpha.* To determine the nature of these transcripts, whether non-coding or otherwise, will require a comprehensive annotation of the *M. polymorpha* genome. In addition, these Mp*MIR* genes and targets are good candidates for use in studies of gametophyte and sporophyte phase transitions in the future.

Evolution of land plant miRNAs
------------------------------

To place our findings in perspective, we first compared the set of miRNAs identified in *M. polymorpha* with those found in species of the other major lineages of land plants. Restricting comparisons to those miRNAs found in more than one of the lineages represented by genome sequences (seed plants, lycophytes and mosses), we found that among the 10 miRNAs that are conserved between *Physcomitrella* and either *Selaginella* or seed plants, seven also exist in *M. polymorpha* ([Table 5](#pcw020-T5){ref-type="table"}). Thus, these seven miRNAs are probably evolved from a common ancestor of extant land plants. Table 5Comparison of miRNAs conserved across other major land plant lineagesmiRNA*Marchantia polymorphaPellia endiviifoliaPhyscomitrella patensSelaginella moellendorffiiPicea abiesPinus taedaArabidopsis thalianaOryza sativa*miR156/157+3421212miR319/1591+52 + 21 + 362 + 6miR1601+92236miR166/1651+13323913miR168----22miR171/1701+24149miR3901+3--121miR395+1--1625miR4082+21111miR52937---2miR53661\--

Two of the conserved miRNAs target orthologous genes found throughout land plants. In Arabidopsis, *C3HDZ* transcripts are regulated by Ath-miR165/166 ([@pcw020-B26], [@pcw020-B65]). Mpo-miR166a, the most abundant Mpo-miRNA in vivo in our samples, regulates the orthologous *M. polymorpha* gene Mp*C3HDZ1* ([@pcw020-B35]). *C3HDZ* genes encode plant-specific TFs involved primarily in shoot development ([@pcw020-B69], [@pcw020-B26], [@pcw020-B36], [@pcw020-B77]). Likewise, Mpo-miR160 regulates Mp*ARF3*, which is orthologous to the Arabidopsis *ARF* genes regulated by Ath-miR160 (Flores-Sandoval et al. 2016). These examples demonstrate that miRNAs and their targets may be conserved over a considerable length of evolutionary time. Perhaps of more interest are conserved miRNAs that do not have orthologous targets. However, for at least two conserved miRNAs (miR171 and miR529), the conserved miRNA may target homologs, suggesting that a more complex evolution, perhaps in the form of gene loss and loss of miRNA regulation, could explain their target relationships in disparate land plants.

We also compared the miRNAs identified in *M. polymorpha* with those identified in *P. endiviifolia* ([@pcw020-B3]). Remarkably, of the miRNAs identified in the two liverwort species that are not conserved across land plants, no overlap was detected, suggesting that the vast majority of miRNAs are lineage specific within liverwort species. While this may appear surprising, the last common ancestor of *Marchantia* and *Pellia* probably pre-dated the Permian; thus the two species have followed independent trajectories for an extended period of time ([@pcw020-B94], [@pcw020-B6], [@pcw020-B33]).

Our data contribute to the idea that the majority of miRNA families identified thus far in different plant species are highly lineage specific. For example, approximately 70% of known Arabidopsis miRNA families lack apparent homologs outside of Brassicaceae ([@pcw020-B79], [@pcw020-B28], [@pcw020-B29], [@pcw020-B63]). According to an analysis of miRNAs in monocots, moss and lycopods ([@pcw020-B9], [@pcw020-B62]), these lineages also possess large numbers of miRNA families that are not broadly conserved and thus are not derived from a last common ancestor. Likewise, miRNAs unique to the closely related Arabidopsis species *A. thaliana* or *A. lyrata* tend not to be found in a third species, *Capsella rubella* ([@pcw020-B29]). Together, these differences in miRNAs among close plant relatives support the notion that plant miRNA evolution is highly dynamic. Most non-conserved *M. polymorpha* miRNAs thus might not be ancestral miRNAs that were lost in other species. Rather, they represent novel miRNAs that arose specifically during the evolution of this liverwort lineage and thereby probably contributed to the wide diversity observed in this taxon.

Convergent evolution of miRNA regulation
----------------------------------------

In Arabidopsis, Ath-miR168 regulates At*AGO1*, whereas Mpo-miR11707.1 and Mpo-miR11707.2, which are generated from a single precursor, regulate Mp*AGO1.* Thus, miRNA-mediated feedback regulation of AGO1 has evolved independently in the two lineages. Interestingly, the first nucleotide of Mpo-miR11707.1 is a 'G' and this miRNA can target the Mp*AGO1* transcript in *M. polymorpha* and *N. benthamiana.* These findings suggest that certain AGO proteins might be able to load Mpo-miR11707.1. One report shows that small RNAs with G in the first position associate with AtAGO1 and AtAGO4 ([@pcw020-B70]), suggesting that MpAGO1/4 might be able to load Mpo-miR11707.1 for Mp*AGO1* transcript regulation.

Lineage-specific functions
--------------------------

Over 100 MADS-box TFs with a conserved MADS domain (39 Type I and 69 Type II genes) that mediate DNA binding exist in Arabidopsis. Type II MADS-box genes, which are characterized by a more complex modular structure, diverged further in land plants into the MIKC^c^ and MIKC\* lineages ([@pcw020-B74], [@pcw020-B91]). MIKC^c^ MADS-box genes are crucial for the control of many developmental processes in flowering plants, and several of these genes have been intensively analyzed as key homeotic regulators of flower development ([@pcw020-B89]). Less is known regarding the functions of Type I and MIKC\* genes, probably due to subtle and/or redundant functions in gametophyte, embryo and seed development in flowering plants.

Five Type I, six MIKC^c^ and 12 MIKC\* MADS-box genes exist in *P. patens*; however, analyses of their functions have been hindered by genetic redundancies ([@pcw020-B82], [@pcw020-B88], [@pcw020-B81]). The MADS-box gene *PPM1* and two other MICK^c^ genes are targeted by the miRNA Ppt-MIR538a-c ([@pcw020-B7], [@pcw020-B20]). In *M. polymorpha*, two different miRNAs, Mpo-miR11687.1 and Mpo-miR11681.1, were identified that target Mp*MADS1*, and Mp*MADS2*, respectively. The functionality of Mpo-miR11687.1 in down-regulating Mp*MADS1* expression was demonstrated by conducting a combination of RNA and protein expression reporter assays in transiently transformed *N. benthamiana* leaves and by conducting overexpression studies of wild-type and miRNA-resistant Mp*MADS1* genes in *M. polymorpha.* Given that different, non-conserved miRNAs targeting MADS-box genes exist in *P. patens* and that no miRNAs targeting MADS-box genes in *P. endiviifolia* could be identified ([@pcw020-B3], [@pcw020-B20]), miRNA control of MADS-box gene expression probably evolved independently within the *Marchantia* lineage. It will be interesting to unravel in the future the function of this regulatory mechanism and its impact on the establishment of the wide diversity observed in the *Marchantia* lineage.

PPR proteins in *M. polymorpha*
-------------------------------

PPR proteins, which contain 2--30 repeats of an RNA-nucleotide binding motif, are involved in different steps of RNA metabolism, mainly in organelles, in various organisms ([@pcw020-B11]). A comparison of PPR proteins between *Marchantia* lineage and flowering plants yielded particularly interesting results; the liverwort has apparently secondarily lost the ability to conduct RNA editing, which requires approximately 200 PPR proteins of a specific subtype. The MpPPR_66 protein is of the type generally involved in mRNA processing, intron splicing and/or translation control, and its precise function remains unclear. It contains an SMR domain at the C-terminus for four PPR repeats. The gene that is most similar to Mp*PPR_66* in Arabidopsis is AT2G17033, with 29% identical amino acids. The conservation of the position of an intron among MpPPR_66, AT2G17033 and its homologs in other terrestrial plants suggests functional conservation during plant evolution. However, the functions of MpPPR_66-related proteins and their potential orthologs have not been well analyzed in flowering plants.

We demonstrate that the Mp*PPR_66* transcript has a long stem--loop that can generate Mpo-miR11692.1 to regulate its own transcription *in cis*, suggesting that a feedback loop may control its expression in vivo. An analogous structural RNA loop functions as part of a feedback loop in the Ath-miR168/At*AGO1* and Ath-miR162/At*DCL1* RNA silencing pathways ([@pcw020-B85], [@pcw020-B92]); thus MpPPR_66 might also be involved in a similar miRNA fine-tuning mechanism to regulate RNA metabolism. MpPPR_66 is predicted to localize to the chloroplast by two target prediction programs: TargetP ([@pcw020-B25]) and Predotar ([@pcw020-B90]). The self-regulation of Mp*PPR_66* mRNA observed in this study suggests that miRNA indirectly regulates organellar RNA. Alternatively, this protein might be directly involved in RNA regulation and RNA silencing steps in the cytosol or the nucleus. The subcellular localization of the MpPPR_66 protein and its possible direct interaction with the miRNA encoded in the gene itself have to be analyzed further.

Conclusion
----------

In this study, we demonstrated that integrating the degradome profile enhances the accuracy of the miRNA/target prediction in *M. polymorpha.* Approximately 91.5% of miRNAs of *M. polymorpha* are novel, and only 8.5% are conserved throughout embryophytes. Target genes of conserved miRNAs are sometimes orthologs in embryophytes; however, in some cases, the targets represent either paralogs or members of different gene families, suggesting complex miRNA evolution. Various *M. polymorpha* miRNA-targeted genes include those involved in gene silencing, stresses and defense responses, and lineage-specific functions were discovered and highlighted. Such discovery will help increase our knowledge of the evolution of conserved miRNAs and a broad range of lineage-specific miRNAs and their impacts on diverse plant processes.

Materials and Methods
=====================

Plant material
--------------

Male (Tak1) and female (Tak2) *M. polymorpha* plants were asexually propagated in vitro in half-strength Gamborg's B5 medium supplemented with 1% agar and maintained in a growth chamber under a 16 h light/8 h dark cycle at 25°C.

Total RNA extraction and RNA-Seq
--------------------------------

Total RNA was extracted from 4-week-old *M. polymorpha* thalli using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. Deep sequencing in this study was performed using an Illumina HiSeq 2000 by Genomics BioSci & Tech Co. In brief, poly(A) RNAs were isolated from 10 µg of total RNAs using oligo(dT) beads and fragmented by adding fragment buffer for cDNA library construction. The short RNA fragments (∼200 nt) were converted to first-strand cDNA using a random hexamer and reverse transcriptase. The cDNAs were further purified using a QiaQuick PCR extraction kit (Qiagen) and were resolved in EB buffer for end repair and poly(A) tail addition. Sequencing adaptors were then ligated to the cDNAs and used as templates for PCR amplification to generate a cDNA library. The cDNA library was used for 2G nt throughput transcriptome sequence paired-end sequencing (2 × 250 nt).

To construct a cDNA library for small RNA sequencing, small RNAs (18--30 nt) were isolated from 10 µg of total RNAs using size fractionation. The size-selected small RNAs were ligated with 5′ and 3′ adaptors and then amplified by RT--PCR. The cDNA library was used for 10M nt throughput small RNA fragment sequencing (30 nt).

To construct a degradome library, poly(A) RNAs were isolated from 100 µg of total RNAs and ligated with a 5′ RNA adaptor and then converted to cDNA by RT--PCR. The PCR products were digested with *Mme*I, and then the digested 5′ portions of DNA fragments were ligated with a 3′ adaptor and further amplified by PCR. The cDNA library was used for 10M nt throughput degradome sequencing (50 nt).

Gene and miRNA target identification in *M. polymorpha*
-------------------------------------------------------

For transcriptome database construction, trimmed reads were de novo assembled using CLC Genomics Workbench 5.1 with the default settings. Contig sequences were further analyzed to identify ORF annotations via comparison with the Arabidopsis (TAIR 10) and EMBL CDS databases using the ContigViews-transcriptome system. All the information regarding *M. polymorpha* transcriptome database construction can be accessed in the ContigViews-transcriptome system.

Whole-transcriptome contig sequences of *M. polymorpha* were used as queries for secondary structure prediction using the RNAfold program from ViennaRNA web services (rna.tbi.univie.ac.at), and the results were entered into the ContigViews-miRNA system for subsequent miRNA prediction. The miRNA prediction program from the ContigViews-miRNA system was used to analyze the small RNA and RNA folding patterns to predict miRNA precursors. The prediction pipeline includes several steps: (i) small RNA mapping: perfect identity of small RNAs to the stem region of predicted stem--loop structures was required; (ii) small RNA pairing: two small RNA pairing allows a maximum of six mismatches; (iii) 3′-end overhang on the paired small RNA structure: we allow 0--3 nt overhanging at the 3′ end of double stranded small RNA; and (iv) G:U pairing is allowed in two positions of the small RNA duplex.

Candidate miRNAs and genes were used as queries to identify potential miRNA targets using psRNAtarget \[maximum expectation, 5.0; length for complementarity scoring, 20; number of top target genes for each small RNA, 200; target accessibility, 250; flanking length, 17 bp upstream and 13 bp downstream; range of central mismatch, 9--10 nt\] ([@pcw020-B22]). The prediction results were further analyzed using the miRNA target finding program of the ContigViews-miRNA system with the degradome profile. Target sites with significant degradome reads (i.e., specific accumulation of \>20 unique reads at the 10th and 11th positions of the predicted site) were considered as potential target sites. Finally, all confirmed miRNAs and targets were incorporated into the ContigViews-miRNA system so that the transcriptome profile could be accessed together with the miRNA--target information.

Statistical analysis
--------------------

MiRNA and degradome profiles were analyzed using CLC Genomics Workbench 5.1 (CLC Bio) and the ContigViews analysis platform. Read normalization for miRNA and degradome assays was performed using the ratio of total reads of *M. polymorpha.* The reads were mapped to the targeted degradome sequences, and the read count for each base was summarized using 't-plot', which was generated using R language. The significance of the read counts of the target site for the targeted degradome sequence was determined using the Binomial test.

Small RNA detection and β-elimination
-------------------------------------

For small RNA Northern blotting analysis, total RNA (10 µg) was separated on a 15% polyacrylamide/1 × TBE/8 M urea gel and transferred to a Hybond-N+ membrane. The miRNA antisense DNA probes ([Supplementary Table S4](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)) were end-labeled with \[γ-P^32^\]ATP using T4 polynucleotide kinase (New England Biolabs). Free radioisotopes were filtered out using a Mini Quick Spin Oligo Column (Roche). The membrane was hybridized with ULTRAhyb®-Oligo hybridization buffer (Ambion) at 42°C for 16 h, and the signal was detected using X-film (GE Healthcare) at --80°C for 16 h.

For β-elimination, periodate treatment was performed following the method of [@pcw020-B2]. Briefly, total RNA was treated with 0.05 M borax/boric acid/NaOH (pH 9.5) at 45°C for 90 min. Then, the RNA was precipitated and subjected to small RNA Northern blotting analysis.

Gene cloning for the reporter assay
-----------------------------------

For the reporter assay, miRNA precursors and 120 nt target fragments of DNA containing the miRNA target sites were amplified from *M. polymorpha* cDNA by RT--PCR with specific primers ([Supplementary Table S5, S6](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1)) and cloned into the pENTR/D-TOPO vector (Invitrogen). These miRNA genes in pENTR vectors were then transferred into the pBCo-DC-myc binary vector using LR Clonase (Gateway system, Invitrogen). In addition, various 120 nt target fragments in the pENTR vector were transferred into the pBCo-DC-YFP binary vector via LR reaction. These binary plasmids were transformed into *Agrobacterium tumefaciens* strain ABI for transient expression in *N. benthamiana* by agroinfiltration.

Transient expression by agroinfiltration
----------------------------------------

*Agrobacterium tumefaciens* strain ABI containing a binary vector was incubated in LB medium with 10 mM MES (pH 5.6), 40 µM acetosyringone, 100 µg ml^--1^ spectinomycin and 50 µg ml^--1^ kanamycin at 28°C for 16 h. The cultures were then centrifuged, and the agrobacteria were resuspended with the appropriate buffer (10 mM MgCl~2~ and 150 µM acetosyringone) to adjust the absorbance to OD~600~ = 0.5. The agrobacteria were then incubated at room temperature for 3 h ([@pcw020-B59]). Agrobacteria carrying Mp*MIR* genes or target fragment-*YFP* recombinant genes were mixed (miRNA : target = 2 : 1) and used for the co-infiltration of *N. benthamiana* plants. Four days post-infiltration, the infiltrated *N. benthamiana* leaves were collected and analyzed by real-time RT--PCR and Northern blot.

To assess the reporter assay results, YFP fluorescence in the infiltrated leaves was monitored using a Leica TCS SP5 II confocal laser-scanning microscope (Joint Center for Instruments and Researches, College of Bioresources and Agriculture, National Taiwan University) equipped with a multiline argon laser with a filter set for YFP fluorescence \[excitation filter Acousto-optic Tunable filter 488, emission bandwidth 496--574 nm, PMT2 offset (--1.0)/gain (895.0)\]. All images were organized using Adobe Photoshop CS3 software (Adobe Systems Inc.).

Mp*MADS1* overexpression in *M. polymorpha* and real-time RT--PCR
-----------------------------------------------------------------

Mp*MADS1* and Mpo-miR11687.1-resistant Mp*MADS1^mut^* cDNAs were expressed in *M. polymorpha* (BoGa ecotype, Osnabrück) under the control of the *EF1α* promoter ([@pcw020-B5]). Seven synonymous changes were introduced in the Mpo-miR11687.1 target site by overlap-PCR using two primer pairs (5′-CACCATGGGGAGGGTCAAGCT-3′/5′-CGCTTTGTTTAAGTATTCTAAGTTTTCGAATTTTC-3′ and 5′-GAAAATTCGAAAACTTAGAATACTTAAACAAAGCG-3′/5′-TCACGGATTGTAGTAATTGGGTG-3′) to generate Mp*MADS1^mut^.* Both cDNAs were cloned in the pGWB2 vector and transformed into *M. polymorpha.* Wild-type expression was assessed in two independent lines carrying the empty pGWB2 vector, and three independent transgenic *M. polymorpha* plants were analyzed for each construct. The primers 5′-AACCGGCAGGTCACATACTC-3′ and 5′-CGAGAACATGATAACCGCAAT-3′ were used for cDNA amplification of Mp*MADS1*/Mp*MADS1^mut^*, and the primers 5′-CTTCGTGCCAATTTCTGGAT-3′ and 5′-GCTCACTGATGCTGTCCAAA-3′ were used for amplification of *EF1α*, which served as a reference gene. The mean normalized expression (MNE) of three technical replicates was averaged, and the SEs were calculated. The MNE of the wild-type plants was set to 1, and relative expression values were determined for the overexpression lines.

Supplementary data
==================

[Supplementary data](http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pcw020/-/DC1) are available at PCP online.
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###### Supplementary Data

AGO1

:   ARGONAUTE 1

ARF2

:   AUXIN RESPONSE FACTOR 2

AtACD2

:   ACCELERATED CELL DEATH2

AtEDM2

:   ENHANCED DOWNY MILDEW2

AtPHT2

:   1, PHOSPHATE TRANSPORTER 2,1

AtRD21

:   RESPONSIVE TO DEHYDRATION21

AtSPL

:   SQUAMOSA PROMOTER BINDING PROTEIN-LIKE

AtSTOP1

:   SENSITIVE TO PROTON RHIZOTOXICITY1

AtVIP4

:   VERNALIZATION INDEPENDENCE4

CDS

:   coding sequence

DCL1

:   DICER-LIKE 1

EMBL

:   European Molecular Biology Laboratory

GO

:   Gene Ontology

HEN1

:   HUA ENHANCER1

HYL1

:   HYPONASTIC LEAVES 1

JGI

:   Joint Genome Institute

lncRNA

:   long non-coding RNA

LRR

:   leucine-rich repeat

miRNA

:   microRNA

MpC3HDZ1

:   CLASS III HOMEODOMAIN LEUCINE ZIPPER1

MpEF1α. elongation factor promoter 1α; NGS

:   next-generation sequencing

ORF

:   open reading frame

phasiRNA

:   phased secondary small RNA

PPR. pentatricopeptide repeat; pre-miRNA

:   precursor miRNA

pri-miRNA

:   primary transcript

RdDM

:   RNA-directed DNA methylation

RISC

:   RNA-induced silencing complex

RT--PCR

:   reverse transcription--PCR

SE

:   SERRATE, siRNA, short interfering RNA

Tak1

:   Takaragaike-1

tasiRNA

:   *trans*-acting small interfering RNA

TF

:   transcription factor

TGH

:   TOUGH

UTR

:   untranslated region

YFP

:   yellow fluorecent protein

[^1]: *^a^* CLC Genome Workbench 5.1 was used for de novo assembly of the *M. polymorpha* transcriptome.

[^2]: *^a^* NA, not available.

[^3]: *^a^* NA, not available.

[^4]: *^a^* NA, not available.
